Food waste disposal and transportation of commodity chemicals to the point-of-need are substantial challenges in military environments. Here, we propose addressing these challenges via the design of a microbial consortium for the fermentation of food waste to hydrogen. First, we simulated the exchange metabolic fluxes of monocultures and pairwise co-cultures using genome-scale metabolic models on a food waste proxy. We identified that one of the top hydrogen producing co-cultures comprised Clostridium beijerinckii NCIMB 8052 and Yokenella regensburgei ATCC 43003. A consortium of these two strains produced a similar amount of hydrogen gas and increased butyrate compared to the C. beijerinckii monoculture, when grown on an artificial garbage slurry. Increased butyrate production in the consortium can be attributed to cross-feeding of lactate produced by Y. regensburgei. Moreover, exogenous lactate promotes the growth of C. beijerinckii with or without a limited amount of glucose. Increasing the scale of the consortium fermentation proved challenging, as two distinct attempts to scale-up the enhanced butyrate production resulted in different metabolic profiles than observed in smaller scale fermentations. Though the genome-scale metabolic model simulations provided a useful starting point for the design of microbial consortia to generate value-added products from waste materials, further model refinements based on experimental results are required for more robust predictions. consortium is a potentially promising avenue to increasing the viability of food waste to value-added chemical conversion.
Introduction
Generation of food waste is a global problem [1, 2] . Approximately 33% of food produced is wasted, contributing to 30-60% of the total solid waste produced worldwide [3] . The burden of food waste disposal extends to military environments, where it imposes an additional logistical burden on Army operations [4] . The primary waste produced by the soldier is food related trash [4] , and current practices dictate that field generated waste must either be buried or burned daily [5] . An alternative to these practices is the anaerobic fermentation of food waste to commodity chemicals [1] . Anaerobic fermentation of a single carbon feedstock is frequently used in industrial-scale processes to produce biofuels [6] and commodity chemicals [7] . Significant challenges exist applying anaerobic fermentations to food waste breakdown, due to the complexity and inconsistency of the fermentation feedstock. Utilizing additional microbes that can support the primary fermentation strain as part of a microbial Figure 1 . Experimental framework. Genome-scale metabolic modeling (GSMM) and flux balance analysis (FBA) were used to predict the metabolic outputs of 298,378 pairwise combinations of microbial consortia provided a simulated food waste medium. The consortium of Clostridium beijerinckii and Yokenella regensburgei was predicted to have the second highest synergistic overproduction of hydrogen compared to any individual strain. Small-scale fermentations were performed using the C. beijerinckii and Y. regensburgei consortium on an artificial garbage slurry medium to simulate food waste. Growth (CFUs), metabolites, and percentage of gases produced in gas chromatography vials were measured. Spent media from cultures of C. beijerinckii and Y. regensburgei were used to cross-feed to the other species, and growth and metabolite production were measured. Small-scale experiments were used to inform design of scaled-up fermentations of monocultures and the consortium of C. beijerinckii and Y. regensburgei. The results of these experiments can be used to further improve the GSMM and FBA forming a broad framework for testing production of commodity chemicals by microbial consortia.
Materials and Methods

Genome-Scale Metabolic Modeling
Simulations were performed as in Perisin and Sund [39] . Genome-scale metabolic models (GSMMs) for Clostridium beijerinckii NCIMB 8052 and Yokenella regensburgei ATCC 43003 (AGORA v 1.01) were downloaded from the Virtual Metabolic Human database (http://vmh.uni.lu) [38] . Lower bounds for input exchange reactions were set to mimic Western diet food waste (Supplementary Table 1 in [39] ). All simulations were performed in R v3.4.0 [40] with plots created using ggplot2 v 2.2.1 [41] . Systems Biology Markup Language (SBML) models were first uploaded with the sybilSBML v 3.0.1 [42] package. Then, sybil v2.0.4 [43] , and glpkAPI v 1.3.0 [44] packages were used for model manipulations and flux-balance analysis (FBA). For monoculture simulations, flux through each model's biomass reaction was maximized. The maximum biomass flux was then used to run parsimonious enzyme usage FBA (pFBA, mtf algorithm in sybil) so that the total absolute flux Figure 1 . Experimental framework. Genome-scale metabolic modeling (GSMM) and flux balance analysis (FBA) were used to predict the metabolic outputs of 298,378 pairwise combinations of microbial consortia provided a simulated food waste medium. The consortium of Clostridium beijerinckii and Yokenella regensburgei was predicted to have the second highest synergistic overproduction of hydrogen compared to any individual strain. Small-scale fermentations were performed using the C. beijerinckii and Y. regensburgei consortium on an artificial garbage slurry medium to simulate food waste. Growth (CFUs), metabolites, and percentage of gases produced in gas chromatography vials were measured. Spent media from cultures of C. beijerinckii and Y. regensburgei were used to cross-feed to the other species, and growth and metabolite production were measured. Small-scale experiments were used to inform design of scaled-up fermentations of monocultures and the consortium of C. beijerinckii and Y. regensburgei. The results of these experiments can be used to further improve the GSMM and FBA forming a broad framework for testing production of commodity chemicals by microbial consortia.
Materials and Methods
Genome-Scale Metabolic Modeling
Simulations were performed as in Perisin and Sund [39] . Genome-scale metabolic models (GSMMs) for Clostridium beijerinckii NCIMB 8052 and Yokenella regensburgei ATCC 43003 (AGORA v 1.01) were downloaded from the Virtual Metabolic Human database (http://vmh.uni.lu) [38] . Lower bounds for input exchange reactions were set to mimic Western diet food waste (Supplementary Table 1 in [39] ). All simulations were performed in R v3.4.0 [40] with plots created using ggplot2 v 2.2.1 [41] . Systems Biology Markup Language (SBML) models were first uploaded with the sybilSBML v 3.0.1 [42] package. Then, sybil v2.0.4 [43] , and glpkAPI v 1.3.0 [44] packages were used for model manipulations and flux-balance analysis (FBA). For monoculture simulations, flux through each model's biomass reaction was maximized. The maximum biomass flux was then used to run parsimonious enzyme usage FBA (pFBA, mtf algorithm in sybil) so that the total absolute flux was minimized. For co-culture simulations, models were combined in a similar manner to Magnusdottir et al. [38] . The COBRA [45] MATLAB script, createMultipleSpeciesModel.m found at: https://github.com/opencobra/cobratoolbox, which is based on the FBA implementation in Klitgord and Segre [46] , was used as a template. This script was converted to work in R with the sybil package and creates a common environment for metabolites to be exchanged between models, but does not create a host compartment as in the COBRA implementation. After combining the models, input exchange fluxes were updated based on Western diet food waste as above, and pFBA was used to simulate growth, simultaneously maximizing each model's growth and minimizing the total absolute flux.
Bacterial Strains and Growth Conditions
Clostridium beijerinckii NCIMB 8052 (ATCC 51743) and Yokenella regensburgei ATCC 43,003 were obtained from ATCC. Both strains were cultivated in anaerobic conditions (5% carbon dioxide, 5% hydrogen, 90% nitrogen) at 37 • C in a Coy anaerobic chamber and maintained as stocks at −80 • C in media containing 20% glycerol. C. beijerinckii was routinely cultured on Clostridial Growth Medium (CGM) [47] or Luria Bertani (LB) medium (Fisher, Fair Lawn, NJ, USA), supplemented with 0.5% glucose, unless otherwise noted. Thiamphenicol (30 µg mL −1 ) was used to select for C. beijerinckii when necessary [48, 49] . Y. regensburgei was routinely cultured on LB supplemented with 0.5% glucose or Brain Heart Infusion (BHI) medium (Oxoid, Lenexa, KS, USA). Erythromycin (40 µg mL −1 ) and aerobic growth at 37 • C were used to select for Y. regensburgei, when necessary [49] . The artificial garbage slurry was generated to model organic solid waste, as previously described [50] , with limited modifications. Briefly, 10% (w v −1 ) dog food (Kibble 'n Bits ® Chef Choice Bistro Oven Roasted Beef, Spring Vegetable & Apple Flavor) was blended in distilled water and autoclaved (121 • C, 30 min exposure). Following the first autoclave cycle, the pH was balanced to 7.0 via addition of sodium hydroxide solution and buffered to 50 mM potassium phosphate pH 6.7, prior to a second autoclave cycle. For cross-feeding experiments, C. beijerinckii or Y. regensburgei were grown in LB supplemented with 0.5% glucose for 24 h and filtered through a 0.2 µm PES membrane (Corning, Corning, NY, USA) to produce spent media. Spent media with the addition of 50 mM potassium phosphate pH 6.8 was used for an additional 24 h of culturing of either C. beijerinckii or Y. regensburgei. For experiments assessing the ability of C. beijerinckii to utilize exogenous lactate, the indicated amount of DL-lactic acid (Fluka, St. Louis, MO, USA) was added to cultures and neutralized with sodium hydroxide. Bacterial growth was assessed by measuring absorbance at 600 nm, for cross-feeding and lactate supplementation experiments, or plating of multiple dilutions to count colony forming units per milliliter (CFU mL −1 ) on selective media, for experiments using AGS.
Bioreactor Fermentations
Bioreactor fermentations were conducted in a DASGIP ® parallel fermentation system (Eppendorf, Jülich, Germany). AGS was brought to pH 6.7 by addition of sodium hydroxide solution, following the addition of the 50 mM potassium phosphate and aliquoted to reaction vessels prior to autoclaving (121 • C, 30 min exposure) a single time. For the pH-controlled bioreactor experiment, the DASGIP ® system automatically added sodium hydroxide to maintain a pH of at least 6.7. Temperature was maintained at 37 • C and anaerobic headspace maintained via nitrogen addition at a flow rate of 1 L min −1 .
HPLC Quantification of Metabolites
Fermentation products were separated and quantified using an Aminex HPX-87H organic acid column (300 × 7.8 mm; Bio-Rad, Hercules, CA, USA) on an Agilent 1200 series HPLC (Agilent Technologies, Santa Clara, CA, USA) equipped with a multi-wavelength UV/vis detector (210 nm and 280 nm) and refractive index detector. Samples were filtered through a 0.2 µm PES membrane (Corning) and stored at 4 • C until applied to the column with an injection volume of 20 µL. Separation was performed using an isocratic mobile phase consisting of 3.25 mM sulfuric acid at a flow rate of 0.600 mL min −1 for a total run time of 55 min, and was temperature controlled for the entire duration at 35 • C. Quantification of acetate, acetone, butyrate, ethanol, formate, glucose, and lactate was performed through the use of standardized concentration gradients with HPLC-grade standards obtained from various vendors (not shown). Data was processed using ChemStation (Agilent).
Gas Chromatography
Hydrogen and carbon dioxide gas production were measured using a gas chromatograph (GC; Infinicon 3000 microGC ® ) equipped with a thermal conductivity detector. A fixed molecular sieve 5A capillary column using argon as the carrier gas was used for hydrogen and nitrogen quantification, and a Plot U column with helium as the carrier gas was used for carbon dioxide quantification. GC data was processed using ezIQ and Diablo EZReporter software (Diablo Analytical, Antioch, CA, USA). For experiments performed in the anaerobic chamber, immediately after inoculation, 1.5 mL of each culture was transferred to a GC vial that was then sealed. For bioreactor sampling, the same parameters were utilized with samples automatically taken from the headspace every 11 min via an in-line setup. Gas production rates were derived from the GC gas percentage output using the ideal gas law, headspace flowrate (1 L min −1 ), and the fermentation volume (1 L). The trapezoidal rule was used to approximate total gas production from the GC production rates using numerical integration.
Results
Co-culture Simulations Predict Higher Hydrogen Production than Both Monocultures
A consortium of C. beijerinckii NCIMB 8052 and Y. regensburgei ATCC 43,003 was originally identified as having the second highest predicted hydrogen production among 298,378 simulated co-cultures (Table 1 ) [39] . These co-culture simulations represented every pairwise combination of 773 human gut microbe GSMMs [38] . Upon further examination of output exchange fluxes for the co-culture of C. beijerinckii and Y. regensburgei and their monocultures, C. beijerinckii was predicted to be the sole hydrogen producer ( Figure 2 ). Compared to the monoculture, the addition of Y. regensburgei boosted C. beijerinckii biomass ( Figure 2 ) and hydrogen production ( Figure 2 ). The increased hydrogen production was not due only to increased biomass, because when the hydrogen flux was normalized to growth rate, the co-culture hydrogen production rate (86 millimoles per gram dry cell weight per hour) was greater than the monoculture hydrogen production (69 millimoles per gram dry cell weight per hour). The increase in co-culture output fluxes were predicted to be due to cross-feeding of lactate from Y. regensburgei to C. beijerinckii ( Figure 2 ). The overall ecological interaction was predicted to be commensal as the growth rate of C. beijerinckii increased from the monoculture to the co-culture, while the growth rate Y. regensburgei was unchanged( Figure 2 ). Additional microbial consortia containing C. beijerinckii that were predicted to have more than two-fold greater hydrogen production than C. beijerinckii alone are listed in Table 1 . Table 1 . Microbial consortia predicted to have greater than two-fold C. beijerinckii hydrogen flux. Organisms predicted to increase the hydrogen flux greater than two-fold over the hydrogen flux of C. beijerinckii alone, when simulated in a co-culture with C. beijerinckii. Changes in predicted biomass for each organism (∆ Biomass Organism) and the predicted biomass of C. beijerinckii (∆ Biomass C. beijerinckii) from simulated co-cultures versus simulated monocultures.
Organism
Fold Hydrogen versus C. Beijerinckii Alone 
∆ Biomass
Metabolite Production by a Consortium of C. beijerinckii and Y. regensburgei
The consortium of C. beijerinckii NCIMB 8052 and Y. regensburgei ATCC 43,003 (Table 1 ) was predicted to exhibit the second largest increase in hydrogen production over any individual modeled bacterial strain when provided with a food waste simulant. To test for the potential of this interaction in vivo, cells were grown on an artificial garbage slurry medium (AGS) in an anaerobic chamber. After 24 h growth, C. beijerinckii and Y. regensburgei were plated on selective media to 
The consortium of C. beijerinckii NCIMB 8052 and Y. regensburgei ATCC 43,003 (Table 1) was predicted to exhibit the second largest increase in hydrogen production over any individual modeled bacterial strain when provided with a food waste simulant. To test for the potential of this interaction in vivo, cells were grown on an artificial garbage slurry medium (AGS) in an anaerobic chamber. After 24 h growth, C. beijerinckii and Y. regensburgei were plated on selective media to determine the number of colony forming units per milliliter of culture (CFU mL −1 ) for each strain. We observed an increase in CFU mL −1 over the inoculum for both strains, indicating that AGS supports the growth of these bacteria independently (Figure 3a ). Both strains also grew within 24 h in a co-culture, as measured by plating for CFUs on selective media (Figure 3a ). The CFU count of each strain in the consortia was significantly lower than for each individual strain ( Figure 3a ). However, the total CFU count of both strains in the consortia was higher than for the cultures of C. beijerinckii alone and similar to the CFU count in the Y. regensburgei monocultures (Figure 3a ). Viable cells were unable to be consistently recovered by plating for CFUs at subsequent times (data not shown), likely due to depletion of an essential growth factor or accumulation of a toxic byproduct in the media.
We measured gas production by C. beijerinckii and Y. regensburgei, either alone or as part of a consortium, as an increase in atmospheric percentage over the background atmosphere by gas chromatography (GC), after three days of growth on the artificial garbage slurry medium in sealed vials. C. beijerinckii produced approximately 8% hydrogen above the atmospheric background, whereas Y. regensburgei produced only about 1% hydrogen above the atmospheric background, when each was cultured individually (Figure 3b ). The consortium produced a statistically similar percentage of hydrogen above the background (p = 0.89, by two-tailed Student's t test) to the C. beijerinckii monoculture (Figure 3b ). Each individual strain and the consortium of the two strains produced an approximately equivalent proportional percentage of carbon dioxide to hydrogen (Figure 3b ).
We quantified the organic acids produced by C. beijerinckii and Y. regensburgei individually and as a consortium from filtered extracts via HPLC. Both C. beijerinckii monocultures and the consortium primarily produced butyrate, consistent with previous reports [28] , with the consortium producing a small but significantly larger amount than the C. beijerinckii monoculture ( Figure 3c ). As predicted by the FBA (Figure 2 ), the Y. regensburgei monoculture produced almost no butyrate ( Figure 3c ), but produced approximately 30 mM lactate, which was not observed in either the consortium or the C. beijerinckii monoculture ( Figure 3d ). The consortium produced substantially lower lactate than would be expected, if the Y. regensburgei present produced a proportional amount of lactate to that in the Y. regensburgei monoculture (Figure 3d ). Acetate was a secondary fermentation product in all cultures, accumulating to approximately 11 mM in both the C. beijerinckii monoculture and the consortium, and approximately 4 mM in the Y. regensburgei monoculture (Figure 3e ). A significant amount of formate was consumed in both monocultures, while the consortium produced a small amount of formate ( Figure 3f ). The consumption of formate by Y. regensburgei could be an indication of formate-hydrogen lyase activity [29] , although low amounts of hydrogen were observed for Y. regensburgei monocultures (Figure 3b ). in a co-culture, as measured by plating for CFUs on selective media (Figure 3a ). The CFU count of each strain in the consortia was significantly lower than for each individual strain ( Figure 3a ). However, the total CFU count of both strains in the consortia was higher than for the cultures of C. beijerinckii alone and similar to the CFU count in the Y. regensburgei monocultures (Figure 3a ). Viable cells were unable to be consistently recovered by plating for CFUs at subsequent times (data not shown), likely due to depletion of an essential growth factor or accumulation of a toxic byproduct in the media. 
Y. regensburgei Cross-feeds Lactate to C. beijerinckii for Butyrate Production
We hypothesized that the lactate produced by Y. regensburgei was utilized as a carbon source by C. beijerinckii, which subsequently produced additional butyrate, because a higher concentration of butyrate was observed in the consortium than in the C. beijerinckii monoculture (Figure 3c ). To examine this possibility in a simpler system, we grew C. beijerinckii or Y. regensburgei on sterile filtered spent media from 24 h monocultures of Y. regensburgei or C. beijerinckii that were grown on Luria Bertani (LB) medium supplemented with 0.5% glucose. No growth was initially observed of either C. beijerinckii or Y. regensburgei on the sterile filtered spent media (data not shown); however, addition of sterile 50 mM potassium phosphate pH 6.8 to filtered spent media enabled growth of both strains (Figure 4a ), suggesting that decreased media pH was inhibitory to growth. Growth of both C. beijerinckii and Y. regensburgei was significantly greater on spent media derived from the opposing species (i.e., C. beijerinckii growth on Y. regensburgei spent media and Y. regensburgei growth on C. beijerinckii spent media) than observed for growth on spent media derived from the same species (i.e., C. beijerinckii growth on C. beijerinckii spent media and Y. regensburgei growth on Y. regensburgei spent media) ( Figure 4a ). This is consistent with the idea of cross-feeding between the two species. (Figure 4c ), suggesting that C. beijerinckii may produce nutrient(s) capable of being further metabolized by Y. regensburgei, and that pH is likely a limiting factor for its growth in LB supplemented with glucose. The HPLC method used for metabolite detection was previously optimized for detection of short-chain fatty acids, acetone, butanol, and ethanol from Clostridium acetobutylicum [51] . A peak eluting at the time of the expected acetone peak was detected in the Y. regensburgei spent media (Figure 4d ). Y. regensburgei has not previously been reported to produce acetone, and it does not encode the genes necessary to produce it [52] . The C. beijerinckii spent media also contains a C. beijerinckii significantly increased the concentration of butyrate in spent media from both C. beijerinckii and Y. regensburgei, similar to growth on AGS; however, this increase was substantially larger in the Y. regensburgei spent media than the C. beijerinckii spent media (~700% versus~12% increase) ( Figure 4b ). C. beijerinckii significantly depletes the lactate from Y. regensburgei spent media, concurrent with the large increase in butyrate (Figure 4c ), suggesting that lactate produced by Y. regensburgei supports additional growth and butyrate production by C. beijerinckii. Y. regensburgei produces a significant amount of additional lactate in both C. beijerinckii and Y. regensburgei spent media (Figure 4c ), suggesting that C. beijerinckii may produce nutrient(s) capable of being further metabolized by Y. regensburgei, and that pH is likely a limiting factor for its growth in LB supplemented with glucose.
The HPLC method used for metabolite detection was previously optimized for detection of short-chain fatty acids, acetone, butanol, and ethanol from Clostridium acetobutylicum [51] . A peak eluting at the time of the expected acetone peak was detected in the Y. regensburgei spent media (Figure 4d ). Y. regensburgei has not previously been reported to produce acetone, and it does not encode the genes necessary to produce it [52] . The C. beijerinckii spent media also contains a metabolite with the same HPLC elution time; however, its peak area is only~25-30% of the peak observed in the Y. regensburgei spent media. C. beijerinckii significantly depletes the undetermined metabolite when grown on the Y. regensburgei spent media (Figure 4d ), while Y. regensburgei significantly increased the concentration of the metabolite when grown on both the C. beijerinckii and Y. regensburgei spent media (Figure 4d ). Moreover, Y. regensburgei accumulates~1.7-fold more of the metabolite when grown anaerobically than aerobically, despite aerobic cultures growing to more than two-fold higher optical density at 600 nm (data not shown). Electrospray ionization (ESI) mass spectrometry was performed on an HPLC fraction collected from the Y. regensburgei spent media corresponding to the acetone peak. The major mass to charge ratio (m/z) peaks that were not identified as solvent or carrier peaks were at m/z = 171.11 in the ESI+ spectrum and m/z = 127.99 and 111.00 in the ESI-spectrum (data not shown). These peaks do not map to a known metabolite that could plausibly be produced by Y. regensburgei given the current understanding of its metabolism. Further experimentation is required to determine the role of this molecule in potential cross-feeding between Y. regensburgei and C. beijerinckii.
C. beijerinckii Uses Lactate as a Carbon Source
Since C. beijerinckii is capable of depleting lactate from Y. regensburgei spent media (Figure 4c ), and the GSMM predicted cross-feeding of lactate from Y. regensburgei to C. beijerinckii (Figure 2 ), we hypothesized that lactate could support the growth of C. beijerinckii either with or without a limited amount of glucose. The optical density of C. beijerinckii cultures indeed increased compared to an un-inoculated control in LB media containing 30 mM lactic acid and 20 mM potassium phosphate, when the initial pH was controlled to 6.7 with sodium hydroxide (Figure 5a ). Concomitant with the increase in optical density, a significant amount of lactate was depleted from the media, suggesting its use as a carbon source by C. beijerinckii (Figure 5b) . Moreover, C. beijerinckii grew (Figure 5a ) and significantly depleted lactate from the media (Figure 5b ) in cultures with 5 mM glucose and 15 mM lactate within 24 h, although the amount of growth was significantly less than observed in cultures containing 10 mM glucose during the same duration (Figure 5a ). In both cases, glucose was completely depleted from the media (data not shown). C. beijerinckii produced primarily butyrate in each of the three conditions, with the amount produced positively correlating with the amount of glucose present (Figure 5c ). C. beijerinckii produced substantially more ethanol in the absence of lactate, exhibiting low ethanol production in both the lactate alone and mixed carbon source cultures (Figure 5d ). containing 10 mM glucose during the same duration (Figure 5a ). In both cases, glucose was completely depleted from the media (data not shown). C. beijerinckii produced primarily butyrate in each of the three conditions, with the amount produced positively correlating with the amount of glucose present (Figure 5c ). C. beijerinckii produced substantially more ethanol in the absence of lactate, exhibiting low ethanol production in both the lactate alone and mixed carbon source cultures (Figure 5d ). 
Enhanced Metabolite Production by the Consortium Is Condition-Dependent
To quantify the production rate and amount of gases produced by C. beijerinckii and Y. regensburgei either alone or as a consortium, we used a DASGIP ® parallel bioreactor system coupled with two gas chromatographs to perform near constant measurements of gases (every 11 min) from two independent replicates grown in one liter volumes on AGS. The experiment was performed with two distinct sets of bioreactor conditions. First, to closely mimic the closed tubes in the anaerobic chamber, the bioreactor mixtures were left stationary until fifteen seconds prior to sample collection and pH was not controlled. Second, to maintain the optimal pH for hydrogen production by the C. beijerinckii hydrogenase [25] , the pH of bioreactor vessels was automatically controlled at pH 6.7, with continuous stirring at 100 rpm for the entirety of the experiment.
The two bioreactor experiments resulted in distinct patterns of growth and metabolite production for both the consortium and monocultures of C. beijerinckii and Y. regensburgei. In the stationary bioreactor experiments without pH control, C. beijerinckii grew to a higher density in monoculture than the consortium starting eight hours after inoculation and continuing for the duration of the experiment, until it was undetectable in both the monoculture and consortia by the 48 h time point (Figure 6a ). By contrast, no difference was observed in the amount of colony forming units for Y. regensburgei between the monoculture and the consortium until the 36 h time point when there was a 2-log decrease of Y. regensburgei in the consortium. Y. regensburgei levels further decreased to undetectable levels by the 48 h time point (Figure 6a ). Although a lower initial amount of C. beijerinckii was present in the consortium, both C. beijerinckii and Y. regensburgei were present in similar amounts from 12-24 h (Figure 6a ). With pH control, Y. regensburgei maintained a high level of culturable CFUs in both the monoculture and the consortium, even at 72 h (Figure 7a ). With pH control, C. beijerinckii in both monoculture and the consortium reached an apparent peak density at 12 h, before decreasing to nearly undetectable levels by 72 h (Figure 7a ).
C. beijerinckii monocultures and the consortium produced similar amounts of hydrogen ( Figure 6b ) and carbon dioxide (Figure 6c ), without pH control, though variability between samples was observed. With pH control, C. beijerinckii monocultures produced greater amounts of hydrogen (Figure 7b ) and carbon dioxide (Figure 7c ) than the consortium. The total amounts of hydrogen and carbon dioxide produced were higher for fermentations with pH control than without, although differences in the kinetics between the individual bioreactors of both C. beijerinckii monocultures and the consortium with pH control were observed. Y. regensburgei produced small amounts of hydrogen (Figures 6b and 7b ) and carbon dioxide (Figures 6c and 7c ) throughout the experiments with and without pH control. Each replicate is graphed independently. Units for gas production are moles of gas produced per liter of fermentation volume (mol L −1 ), derived from the GC gas percentage output using the ideal gas law, headspace flowrate, and the fermentation volume. Units for metabolites are mM as normalized to HPLC standards.
Discussion
Anaerobic fermentation of food waste is an attractive alternative to other disposal methods, to reduce waste volume and recover lost energy [1] [2] [3] . Here, we developed a framework to experimentally test metabolic modeling predictions of microbial consortia for their ability to produce commodity chemicals (Figure 1) . We have established that a consortium of C. beijerinckii and Y. regensburgei is capable of producing increased amounts of commodity chemicals from a simulated food waste medium, compared to monocultures of either species. Genome-scale metabolic modeling predicted that co-cultures of C. beijerinckii and Y. regensburgei would result in synergistic overproduction of hydrogen as a result of lactate cross-feeding from Y. regensburgei to C. C. beijerinckii monocultures produced primarily butyrate to a higher level than the consortium both with pH control (Figure 7d ) and without pH control (Figure 6d ). Y. regensburgei monocultures produced primarily lactate in both conditions (Figures 6e and 7e ). However, the amount of lactate produced by Y. regensburgei with pH control was lower than the amount of lactate produced by the consortium (Figure 7e ), and the amount of lactate produced by Y. regensburgei without pH control was substantially lower than in any other experiment (Figure 6e ). C. beijerinckii, Y. regensburgei, and the consortium produced similar levels of acetate (Figures 6f and 7f ) and ethanol (data not shown) as secondary fermentation products in both the experiments with and without pH control.
Anaerobic fermentation of food waste is an attractive alternative to other disposal methods, to reduce waste volume and recover lost energy [1] [2] [3] . Here, we developed a framework to experimentally test metabolic modeling predictions of microbial consortia for their ability to produce commodity chemicals (Figure 1) . We have established that a consortium of C. beijerinckii and Y. regensburgei is capable of producing increased amounts of commodity chemicals from a simulated food waste medium, compared to monocultures of either species. Genome-scale metabolic modeling predicted that co-cultures of C. beijerinckii and Y. regensburgei would result in synergistic overproduction of hydrogen as a result of lactate cross-feeding from Y. regensburgei to C. beijerinckii. We observed similar hydrogen gas production by C. beijerinckii and the consortium in stationary conditions (Figures 3b and 6b ) and overproduction of the commodity chemicals butyrate (Figure 3c ) and lactate (Figure 7e ) by the consortium in distinct experimental conditions. Moreover, we demonstrated that C. beijerinckii is capable of using exogenous lactate as a carbon source ( Figure 5 ) and that Y. regensburgei cross-feeds lactate to C. beijerinckii (Figure 4) . Differences in the metabolites produced by the consortium of C. beijerinckii and Y. regensburgei during experiments with the artificial garbage slurry medium (Figures 3, 6 and 7) exhibit the difficulty in fermentation scale-up, but also demonstrate that opportunities exist to modulate fermentation conditions for varied commodity chemical output.
Experimental Implementation of Genome-Scale Metabolic Modeling Predictions
The consortium of C. beijerinckii and Y. regensburgei was predicted by GSMM and FBA to have the second highest overproduction of hydrogen gas compared to any individual species from models of 773 gut microbiota species [38, 39] , leading to its selection for further experimentation. Similar levels of hydrogen were observed for C. beijerinckii and the consortium of C. beijerinckii and Y. regensburgei in small-scale experiments performed in an anaerobic chamber (Figure 3 ). This experimental setup prevented quantification of gas from more than a single time point. GC vials from the experiment all had the same headspace volume, but slight variations in growth may have caused different pressures for any given vial at time of headspace analysis. It is possible to measure the pressure in a given vial; however, this was not done, as it is difficult to obtain a pressure measurement without releasing gas from the GC vial, which could potentially affect the GC concentration measurements. Continuous GC monitoring over time was performed from 1 L bioreactor cultures ( Figures 6 and 7) . For stationary cultures without pH control, which most closely mimicked the small-scale experimental design, the hydrogen production by the consortium was similar to the amount of hydrogen produced by C. beijerinckii monocultures (Figure 6b ). While the consortium did not produce similar amounts of hydrogen to C. beijerinckii monocultures grown with pH control, which exhibited the highest amounts of hydrogen produced from any experimental condition tested (Figure 7b ), the FBA modeling did not account for such conditions. Manipulating simulated conditions with FBA modeling could provide additional avenues to improve commodity chemical production.
Y. regensburgei Cross-feeding to C. beijerinckii
In small-scale fermentations of the AGS, substantially lower lactate was produced by the consortium than would be expected if the Y. regensburgei present produced a proportional amount of lactate to that in the Y. regensburgei monoculture (Figure 3d ). This suggested that the predicted cross-feeding of lactate from Y. regensburgei to C. beijerinckii (Figure 2 ) may be occurring when the consortium was grown in AGS. Clostridium butyricum [53] and Clostridium saccharoperbutylacetonicum [54] were previously described to metabolize acetate and lactate to butyrate, while several other Clostridium, including C. beijerinckii, were proposed to breakdown lactate [55] . Here, we show that C. beijerinckii can metabolize a limited amount of lactate, with or without a limited amount of glucose ( Figure 5 ). The proposed mechanism for lactate metabolism in Clostridium is based on the lactate oxidation pathway in Acetobacterium woodii, which couples a flavin adenine dinucleotide (FAD)-dependent lactate dehydrogenase with an electron flavoprotein complex to convert a reduced ferredoxin, lactate, and two oxidized nicotinamide adenine dinucleotides (NAD) to an oxidized ferredoxin, pyruvate, and two reduced nicotinamide adenine dinucleotides (NADH) [53] . A similar mechanism is likely used by C. beijerinckii, as a genomic locus with significant sequence homology to the locus proposed to breakdown lactate in C. butyricum [53] is found in C. beijerinckii (Cbei_2884-Cbei_2888) using the Basic Local Alignment Search Tool (BLAST) [56] . While FBA predicts that multiple species can cross-feed lactate to C. beijerinckii, the ability to cross-feeding of lactate to Clostridium may be somewhat limited, as lactic acid bacteria, which produce large amounts of lactate, are often detrimental to efforts to produce hydrogen from complex microbial consortia [55] . Moreover, a pilot experiment attempting to cross-feed lactate from the lactic acid bacterium Lactobacillus fermentum to C. beijerinckii was unsuccessful, as L. fermentum produced a significant amount of lactate (~30 mM), but no change in lactate or butyrate levels was observed when C. beijerinckii was cultured in the spent medium (data not shown).
Varying Growth Conditions to Control Metabolic Output
While small variability in metabolic output was observed between replicates with small-scale cultures (Figure 3 ), a substantial amount of variability was observed between all individual replicates containing C. beijerinckii for the bioreactor experiments ( Figures 6 and 7) . Part of this variability may stem from differences in handling of the inoculums for the bioreactors versus the small-scale cultures. C. beijerinckii is sensitive to oxygen, and inoculation of the bioreactors required brief exposure to oxygen as the inoculum was transported from an anaerobic chamber to the anaerobic environment of the bioreactors. This exposure coupled with slight differences in the growth phase or culture density of the C. beijerinckii inocula could have biased individual bioreactors to be more or less favorable for C. beijerinckii growth. The AGS is another potential source of variability, as the precise composition of the main component could have varied from vessel to vessel. The pH control also could have introduced variability between replicates, because noticeably different amounts of sodium hydroxide were automatically added to each vessel, which differentially affected the pH and osmolality of the medium. Both pH and sodium concentration can have profound effects on Clostridium metabolic output [57, 58] .
In the experiments with pH control, the consortium of C. beijerinckii and Y. regensburgei produced a drastically different metabolic profile than in other experiments (Figure 7) . After an initial lactate decrease, which corresponded to an increase in C. beijerinckii colony forming units (Figures 7a and 6e) , the consortium cultures produced more lactate than Y. regensburgei monocultures. This increase in lactate corresponded to a decrease in C. beijerinckii, while Y. regensburgei levels remained near constant. Thus, Y. regensburgei likely dominated the metabolite profile of the cultures, and C. beijerinckii may have either shifted its metabolism to produce additional lactate or cross-fed a metabolite to Y. regensburgei increasing its lactate production. Modifying the metabolic output of a consortium by either controlling or not controlling the culture pH is a mechanism that could be used to increase the agility of a designed microbial consortium for a future application.
Microbial Consortia with Distinct Mechanisms of Chemical Overproduction
Modeling predicted the consortium of C. beijerinckii and Y. regensburgei to produce increased C. beijerinckii biomass (Table 1) , due to the cross-feeding of lactate from Y. regensburgei to C. beijerinckii that was experimentally observed (Figure 4 ). Other consortia that were predicted to produce an increased amount of hydrogen compared to C. beijerinckii monocultures ( Table 1 ) likely have different mechanisms that could contribute to commodity chemical overproduction. For example, Cellulosimicrobium cellulans can break down cellulose and xylans [59] , complex polysaccharides common in plant material [60] , which are inaccessible to C. beijerinckii. In contrast to the consortium of C. beijerinckii and Y. regensburgei, FBA predicted that the biomass of both C. beijerinckii and Cellulosimicrobium cellulans would increase in a co-culture compared to monocultures (Table 1) , perhaps due to increased available carbon and cross-feeding of metabolites from C. beijerinckii to Cellulsimicrobium cellulans. Similarly, members of the Capnocytophaga genus can metabolize complex polysaccharides [61] and carbon dioxide [62] , which could explain the predicted hydrogen overproduction by a consortium of C. beijerinckii and Capnocytophaga sputigena (Table 1) . Integrating genome-scale metabolic model improvements and testing additional consortia with different predicted interactions could enable discovery of pathways to enhanced commodity chemical production.
Conclusions
Genome-scale metabolic models and flux-balance analysis predicted several microbial consortia expected to produce a significantly greater amount of hydrogen than any individual species [39] ( Table 1 ). We focused on the consortium of C. beijerinckii and Y. regensburgei that was predicted to have the greatest increase in biomass and hydrogen production by C. beijerinckii. The flux-balance analysis predicted the increase in hydrogen and biomass based on the cross-feeding of lactate to C. beijerinckii (Figure 2 ). We established that cross-feeding of lactate from Y. regensburgei to C. beijerinckii can occur (Figure 4) , and that exogenous lactate is capable of supporting the growth of C. beijerinckii ( Figure 5 ). We were unable to demonstrate that growing C. beijerinckii as part of a consortium with Y. regensburgei increased the production of hydrogen above the levels observed for C. beijerinckii monocultures (Figure 3 ). The consortium was capable of producing more butyrate (Figure 3c ) or lactate (Figure 7e ) than individual monocultures, depending on the growth conditions. Examining the effects of adding another species that is predicted to have a different role in promoting hydrogen production than cross-feeding of lactate to the consortium of C. beijerinckii and Y. regensburgei, or testing that species with C. beijerinckii alone could provide better improvement of hydrogen production from the artificial garbage slurry than was observed. The framework presented here can be used to screen large numbers of possible microbial combinations by first using genome-scale metabolic modeling and flux-balance analysis to predict consortia with an increased likelihood to convert waste to commodity chemicals and then testing the highest producing consortia experimentally for their ability to produce chemicals of interest from readily available materials. 
